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Abstract 

The aim of this! study was to investigate the interactions of trtdosan (TRI)> a poorly water-soluble antimicrobial 
drug, with natural crystalline oyciodoxtrins fa /?- and y-Cd) and the corresponding hydroxypropyluted amorphous 
derivatives (HP»., BP/?-, and HPy-Cd) and evaluate their effectiveness as complying and soiubihairtfl a ft ents 
lowurtlH tto dnifl. Equlmolur solid systems wore prepared using dSITcrcnt techniques (physical mixing (PEvf) 
kgcudmg (ICN) and coevu^o mtic>n (COE) ) in order to evaluate the influence of the preparation method on the 
performance of tbc end piQduWHD^^ interactions were investigated both in uqucous solution uttfrm 
phj^olubfflly analysis, fluorescence mid circular dichroism (CD) techniques, and in the «oUd state,' using 
dfRQ^ntiul 5caaniiie culorimetry (DSC) .supported by Ihwroograumotric analysis (TCA), X-ray powder dhftae- 
tomotry (XRPD) and scanning electron microscopy (SEM) analysis. Among the native eyolodextriuK, /?-Cd seemed 
to have the most suitable cavity to fit the drug molecule, whereas the «-Cd cuvity was too small and the y-Cd cavity 
t0 f MfP? t0 ^'*lt»h.Rtttblo interactions with the guest However, due to the iVrype phdstj solubility diagram its 
ftOlubiliKing ellicioncy was very limited, Tho presence of the hydroxypropylie subsUtucnls improved, in all cases, Cd 
solubihzing and complcxing efficacies; towards the drug. This wus particularly evident in tho case of HPy-Cd, whose 
stability constant was about 200-fold higher than that of the native y~Cd. HPj^Cd was the most effective carrier for 
TRI, showing a solubilking power about 20 times %hor than the corresponding native Cd and about 2-fold that of 
the other hydroxypropyl derivatives. Moreover a clear influence of the preparation method on the properties of the 
final products was observed, The COE method with hydrox^propyJated cyelodcxtrins seemed the most suitable 
technique m achieving the complete drug nmorphi/ation and/or inclusion computation. 



Introduction 

Triclosan (5-chioro-2-(2,4-dichlorophenoxy)phenol) i.s 
a broad-spectrum a nti bacteria I and antimicrobial 
agent. As a result of U« bacteriostatic activity against 
a wide range of both cram-positive »nd grarn-ucftative 
bacteria CM, it has found increasing and \vld« use in 
personal care products, such as toothpastes, deodorant 
soaps, deodorants, antfpcrspirnrtts and body washes* 
cosmetic and antimicrobial creams and lotions [5]. In 
particular, the presence of antibacterial agents in 
products intended for oral care is an efficient too) 
against baeccrial plaque formation and consequent 
gingivitis [3, 4J. The untl-ploquc effect depends not 
only on tho antimicrobial power of the agent, but also 
on both its ability to dissolve in the saliva and its 
infinity for the lipophilic sites of the oral cavity [5], 
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However, the very low water-solubility of triolosan 
(TRI) (only about 10 /eg ml" 1 ) can give rise to 
formulation problems and can also reduce and make 
variable its biological activity. For these reasons, 
different attempts to improve the aqueous solubility 
of iriclosun, such as micellar solubilization complcx- 
ation and salt, formation, havo been made In recent 
years. [6> 71- 

Among the approaches uimed at enhancing the 
solubility and dissolution properties of hydrophobic 
drags, cyclodcxtrin complexation is known as one of the 
most effective methods [8, 9]. Cyclodextrins are well- 
known eyelie oligosaccharides with a lipophilic central 
cavity and a hydrophilio outer surface able to form 
inclusion complexes with lipophilic molecules (N)J. Their 
elTeefciveness toward drugs can be strongly affected by 
several factors, such as the host cavity sbsc, the presence 
and type ofsubscttuents on the muorooyclic ring, as well 
as the method used for the complox preparation {1 1-15]. 
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Ihcruforc, in the present study wo evaluated and 
compared the complexion power and solubllfring c(YU 
cicncy of the most common native crystalline cyclodcxt- 
rmt (a-, /?« and ^Cd) and their eorrespoiiding 
amorphous hydroxypropyl derivatives toward* TRI 
instigating the rolu of die carrier cavity tho 
presence or not of the subsiituonrs on the ring, the 
orynttt1bna or amorphous suite of cyclodextrins and tho 
drug-carrier fiyatem preparation method (physical mix- 
ing (PM), kneading (KM), corporation (COl£)). 

Drue-carrier interactions In aqueous solutions were 
studied by phuscsolubility analysis and Fluorescence 
and circular dichrotem spectroscopies, while differential 

^v nm t^ tlorimclty * SU P^ 1 ^ 1 by themiogravlmcLry 
(TG), X-ray powder diftVuctoJttctry (XRPD) and 
scanning electron microscopy (SUM), analyses, were 
employed to characterize the solid-state of all drug- 
cyclodextrin uquhmalar solid combinations. 



Experimental methods 

Materials 

TricioKun (TRI) win a gin from Comcrciul Qufnrica 
Mu«k6 (Barcelona, Spain); native cyclodoxtrlns (a-Cd, /?- 
Cd, and y-Cd) were from Sigma (St. Louis, USA); 
hydroxypropyt derivatives (H>«.Cd, HP/ACd, and IlPy- 
Cd) with MS - 0,6 were kindly provided by Waokcr- 
Chcmie GmbH (MUnohen, Germany). All other re- 
agents were of' analytical reagent grade. 

Preparation of binary synrrtns • . 

Equimolar (1:1 mol/mol) physical mixtures of TRl'wIth 
each Cd were prepared by homogeneous mixing for 
\$nvn of previously &ioved (gmmilornolrio fraction 
smaller than 100 /4m) and weighed powders. Kneaded 
systems wore prepared by lidding a small volume of 
cihunol to the corresponding physical mixtures and 
kneading the resultant systems until a homogeneous 
slurry wus obtahiud; the products were then dried tit 
40 *C for 48 h and sieved before using (granuhnnctric 
fractions smaller than 100 /an were collected for further 
studies), Coovaporated product? wore obtained by 
dissolving the corresponding blonds In watcr-cthanol 
(50/50 v/v) solution? and then removing the solvent 
using a rotary evaporator. The resulting solid mass was 
then sieved and the gmnulometric fraction smaller than 
100 jim was collected, 

Phase solubility stitdfos 

Phase solubility studies of TRI were performed by 
adding excess amounts of drug (50 mg) to 10 ml of 
water or aqueous solutions of Cd in tho 0-25 mM 
concentration range (0-13.0 mM in the case of/?-Cd) in 
sealed glass containers. The suspensions were equili- 



brated upon magnetically stirring at constant tomperti- 
Uirc (25 ± 0,5 *C) for 11 h. Aliquot* were then 
withdrawn, filtered through a 0,45 /mi membrane filler 
and spcctrophoEometrioully assayed for drun concentra- 
tion at A mmt « 280. nm (Pcrkrri-illmcr 552S spectropho- 
tometer). Rach experiment was purformod in triplicate 
(CV<2%). The drug-Cd stability constants wore cal- 
culated from the slopes of the linear portions of the 
respective phase-solubility diagrams [16], 

FhtoruawmcQ spectra 

Fluorescence measurements wore carried out using a 
Pcrkin-Eimer mod, G50-I0S spocrrofluonmotcr. The 
fluorescence intensities of the 0,04 mM TRI unbuffered 
aqueous solution in the absence und in the presence of 
different concentrations of ench Cd (3, 6 and 9 mM) 
were measured at excitation and emission maxima of 
325 and 36S nm, respectively. 

Circular dichro&m .spectra (CDS) 

The circular dichroism spectra (CDS) were obtained 
using a Jusco J-500D spectropolarimetcr (time constant, 
16; chart speed, iO cm mi a" 1 ; sensitivity, 0,5 mem" 1 - 
wavelength expansion, IOnmcm H ; scan speed' 
50 cm min" ; range, 350 220 nm) on 0,03 mM unbuf^ 
fered aqueous solutions of TRI in the absence and in the 
presence of each Cd at a concentration of 3, C> and 

9 mM« 

Mffvrunthd scanning cahrlmwy (DSC) 

DSC analyses were recorded on a Mcttlcr TA 3000 
diflcrcntin] scanning calorimeter equipped with U DSC 
" 20 eel). Samples of mg (Mcfctlcr-M3 miorobalancc) 
were scanned at a hooting rate of 10 °C min 1 -' in piorced 
aluminium pans in the 30-350 °C temperature range 
under static air. The instrument was calibrated with a 
standard sample of indium, 

Thermogravimeirle analysis (TGA) 

Thermogravimctvic analysis (TGA) was curried oat 
using a Mcttlor TA 3000 apparatus equipped with a 
TO 50 coll on 7-10 mg samples in open alumina cruel, 
blcs. Samples were analysed at the healing rate or 

10 *C min" 1 over tho 30-600 V C temperature range. 

X-ray powder diffractcmeUy (XRPD ) 

X-ray powder diflruotion patterns were obtained usinfc 
a compvtor-controlled Philips XPcrt apparatus over 
the 5-40* 20 ran fi 0 at a scan rate of 1* mm" 1 . Samples 
were irradiated with monochromatic CuK« radiation. 
It! Z\f ^ ■ currunt «nd time per step used were 
tt n * \ 55 mA Und 1 S * rcK P c °tivoly (CA.( M DRX> 

KJ t^*+t IVl ♦ /, 
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Summing electron microscopy (3 EM) 

Scanning electron microscopy (SHM) was used a* 
support technique for the solid state characterization. 
Analyses were performed using u Philips XL-30 «otm- 
nmn electron microscope. Prior to examination, samples 
wore gold sputter-coated fca render thorn electrically 
conductive. . 



ftcSults And discussion 
Characterization in solution 

i-iguro 1 shows thcphnse-solubilitv diagrams in aqueous 
solutions at 25 *C of TRI in the presence of the diHcram 
natural and derivative Cds. In the caso of the natural 
Cds (figure la), different behaviours can be observed. 
In fact in the presence of <*.Cd t the TRJ concentration 
showed ti linear trend, slightly increasing with increasing 
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ligund concentration, rovcufing u Higuehi AL-type curve 
U 6J. A 1^-type diagram [16] was instead obtained in the 
presence of /NCrf, showing an initial rising portion 
followed by a plateau region and then by a decrease, 
indicative of the precipitation of a poorly soluble 
complex at high ^f-Cd concentration, The stability 
constant of the complex was determined in cho initial 
linear range (0^7 mM Cd). Finally, in the presence of 
y-Cd, a very smulf increase in drug solubility was 
observed with increasing Cd concentration* implying ihe 
absence of valuable interactions in ablution between 
TRT and y-Cd. A L diagrams, indicative of the formation 
of 1:1 soluble complexes |"i6J wore observed with utt 
hydroxypropyiated Cds (Figure lb). As it is evident, the 
presence of the hydroxypropyl substituonts was En all 
cases favourable in improving the Cd solubilizing and 
completing properties toward the drug with respect to 
the corresponding native ones. In particular, the better 
sohibiKsdng efficiency towards TRI shown by HP/f*Cd in 
comparison with the natural one was in accord with the 
findings of Loftsson ftf], whereas It differed from those of 
Grove [7J, who, instead, obtained a similar performance 
wtth both carriers* 

The apparent l;l stability constant values of TRI 
with each Cd, obtained from the linear portion of the 
corresponding phase-solubility diagrams and the rela- 
tive increases hi TRI solubility at 25 *C arc shown ia 
Table L Among the native Cds, 0-Cd clearly showed the 
highest stability constant value, followed by «»Cd, while 
a very low value was obtained for y-Cd. Tito results of 
these studies seem to indicate that /?-Cd has the most 
suitable eaviLy for hosting the TRT molecule. En fact, the 
#-Cd cavity may be too small to suitably fit the guest, 
thus resulting in a lower complcxing power towards the 
drug than £-Cd. On the other hand, the excessively large 
cavity of y-fMdid n0t tl jj ow establishment of sufficiently 
strong interactions with the included guest molecule. 

The more elevated values of the stability constants 
Obtained for derivative Cds in eompurison with the 
corresponding parent ones has been attributed to 
the extended hydrophobic region of the Cd cavity due 
to the presence of the hydroxy-alkylie groups which 
crown the ring edge [17], The important role of the 



Tahiti L smbllily constant* for thu interaction of TRI with nuuvu unit 
hydroxypropylutcd cyolectaxtfiift in water ca 25 A C 
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hydroxypropyi aubiiliiucms in stabilising the TKl tnclu- 
«ion computation was particularly evident In the case of 
the complex with HPy-Cd, whose stability constant was 
about 200-fold higher than that of the native y-Cd and 
also slightly higher than that of HP«-C<L iividcntly, in 
this um& the presence of the substituents allowed 
formation of stronger interactions with the guest mol- 
ecule, .stabilizing ils inclusion into the host cavity. HJP/J- 
Cd was the most effective partner for TRT t allowing a 
120-times increase of the pure drug aqueous solubility 
and showing a solubilizlng efficiency ubout 20 times 
higher than the parent Cd and about two times of that 
of the other derivatives, which, on the contrary, revealed 
smulur sol utilizing cllicicncics. 

Fluorescence studies (Figure 2) corroborated these 
findings. A direct relationship has been found between the 
intensity of the drug fluorescence change* in the presence 
of Cds and the strength of binding between the two 
components, fn fuel, TRI fluorescence slightly ineteiLscd 
in tho prosonce or<x-Cd* whereas a more evident increase 
was observed in the presence of ft-Cd\ on the contrary, no 
valuable modification* in the TRI fluorescence signal 
were registered in the presence ofy-Cd, thus confirming 
the almost to tut lack of interaction in solution of tho drug 
with such Cd (Figure 2a). In the presence of Cd deriva- 
tives, the enhancement of TRI fluorescence was more 



marked than that observed with the corresponding native 
ones under the same conditions. In particular, a more 
than 30 : fold fluorescence intensity increaso was registered 
in the presence of 9 mM HP/MJd compared with the pure 
drug solution. Moreover* the fluorescence intensity 
increase obtained in die presence of HPy-Cd was compa. 
Table to that obtained for H P«~Cd. 

Figure 3 shows tho TRI circular dlchrottm spectra in 
the absence and presence of <*-, and /?-Cd. Interactions in 
solution of TRI with both Cds caused significant 
changes in tho drug spectrum, as a consequence of its 
inclusion comploxntion into the hosL cavity. The ncga* 
tivc absorption maximum at 278 nm shown by TJRJ 
alone, was shifted to higher wavelengths with a con- 
comitant decrease in intensity in the presence of a-Cd. 
Addition of /?-Cd caused even more marked changes in 
the drug spectrum, which showed an inversion of the 
elliptieity sign, presenting two positive maxima at 275 
and 290 nm, These spectral differences, and in particular 
the different sign of optical activity may be mainly 
ascribed to the different orientation and/or disposition 
of the guest molecule within the cavities of the two Cds, 
On the other hand, no appreciable change?* in the TRI 
spectra! pattern were observed in the presence of y-Cd t 
thus further confirming the nearly total absence of 
interactions with such carrier, 
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Nxur?. X Circular cllchroJsm absorption spectra ot'TRl uioa« (uubru- 
kvu Jims) or in the prwcnco of 6 mM *-Cd (dotted lino) n»d rt-Cd 
proton Ifftc), 
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The thcrmul curvos oK some vepcoscmutive cquimokir 
TRI-Cd solid systems arc ahown in Figure 4. DSC 
profiles of pure drug and Cds arc reported for reference 
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purpose. The DSC curve of TKl oxhibked a sharp 
endotherm peaked at $7.9 °C with a fusion enthalpy of 
61.3 J *f 1 corresponding to the mcltinfj process of the 
anhydrous crystalline drag, followed by a broad endo- 
thormic effect at about 300 °C duo to decomposition 
phenomena. Tho DSC curvo of /ACd displuycd a single 
intense band at 100 W C whereas u broad endothcrmio 
effect between 60 and J20°C wm registered for the 
amorphous HPjS-Cd, indicating in both cases dehydra- 
tion processes. DSC curves of both physical mixtures 
showed similar profiles, with the characteristic thermal 
behaviour of both components .still detcctablo in ttf) 
cases, The presence of tho TRl melting peak also in the 
thermal curves of kneaded products with both Cds (even 
though markedly reduced in its intensity with respect to 
the physical mixtures) mkhLi u dii^ 
molecule mis uotjcomEiete^ 

contrary, the totul disuppcuTunec of the TRI fusion peak 
was observed for both cocvaporatcd products, thus 
indicating drug amorphic on und/orcomplexntion us a 
consequence of a hiotc intimate physical contact between 
the components due to the preparation method. 

Unfortunately, TGA was not particularly useful for 
further characterization of drug-Cd solid systems. Tn 
fact, for euch series of binary systems, no appreciable 
differences hi the mass loss behaviour between the 
simple physical mixture and the other elaborated prod- 
ucts were observed. 

Ingurc 5 shows tho X~ray powder diffraction pat- 
terns of pure dnjfl and selected Cds, and their simple 
blends, kneaded and coovaporatcd' products/ The dif- 
fraction pattern of TRl displayed several shurp peaks, 
indicative of its crystalline nature. A typical crystullinc 
pattern was shown by /J-Cd, whereas a diffuse pattern 
was obtained from the amorphous derivative, 

Some drug eryalutlinily loss can be noted in 
physical mixtures with both Cds, The characteristic 
peaks of both components, even If markedly reduced 
in intensity, are still detectable in both kneaded und 
cocvaporatcd systems with /J~Cd, thus indicating that 
the drug maintained a residual crystallinky in these 
products as well. Therefore, the total disappearance of 
drug fusion pcuk rcvoulcd by DSC analysis for the 
coovaporated product could be a consequence of 
drug-carrier interactions induced by the thermal 
energy supplied to the system during the seun. No 
significant deferences were observed between the 
simple blend and the kneaded system with IIP/?-Cd, 
in which the drug maintained an almost crystalline 
pattern, On the contrary, tho dilfuso pnttorn obtained 
for the cocvaporatcd system with flP/?-Cd indicated 
the eomplcLe drug amorphiy.ulion as a consequence of 
tho homogenous dispersion of TTU in the amorphous 
carrier induced by coevapo ration. 

Finally, SEM unalyscs were carried out to inves- 
tigate the morphologies of pure components and rhoir 
combinations. Some selected representative images are 
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reported in Figured. Individual stick-tike crystals witfi 
smooth surfaces wore observed for TRI, whereas 
spherical particles of vurious .size with some concav- 
ities on the surface were revealed for HP0*Cd. The 
results of SEM analysts of the different drug Cd 
combinations wore consistent with DSC and X-ray 
findings* In fact, it was possible to clearly identify and 
differentiate the two components In all the physical 
mixtures.' By contrast, as a consequence of the 
preparation method, significant morphological changes 
occurred in oocvaporatcd systems which appeared as 
amorphous agglomerates of glassy homogenequs 
flakes, and where only very few and small smooth 
needles of TRI were adhered, to the yuvfa.^e. . ' '- . 



Conuhudons 

Solution studios have shown that the cavity size of the 
host is decisive for an optimum fit between the Cd cavity 
and thc'fki molecule. The observed rank order for the 
complexing ability is /?*Cd »a*Cd }£>y«Cd. The higher 
affinity of TRf towards /i-Cd can bo accounted by a 
deeper, more complete and better fitting inclusion of the 
druy. By con trust, the a-Gd Cavity seems to be Loo small 
to suitably fit the guest* and thcy-Cd cavity too large for 
sEably including the guest molecule. 

On the other hand, tho inclusion behaviour of TRI 
with the liydroxypropyl derivatives highlights the 
Important role of the substluicnt in determining 
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the Cd complying una* Roliibllketng capacity toward 
the <tcug, Tho greater oc/fcctivcneaH exhibited by tho Cd 
derivatives in comparison with the corresponding nat- 
ural ones can be usciibcd to their higher water solubility 
and to the extended hydrophobic cavity, due to tho 
presence of the hydroxyalkyl derivatives on the cd^e or 
tho ring, This effect is particularly evident in the case of 
HPy-Cd, which, conversely to tho parent compound, 
allowed the formation of u stable complex, In fact, ti 
variation of the rank order of .stability constant values 
wus found; HP/?-Cd ^ HPy-Cd >. HFci-Cd, 

Tho /KCd-dorivutive was tho best partner lor the 
drug, showing the highest completing power imd 
solubili2ing ability among all the examined carriers. 

Finally, u clear injluoncQ of the preparation method 
on tho characteristics of tho flmtf solid products was 
observed. In particular, eoevuporution Kccms to be the 
most etVcctivo technique, allowing a more intimate 
contact, and therefore better interactions between the 
components, with a consequent complete druf? amorph- 
ization and/or inclusion in the carrier. 
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